Background Kidney failure predicts mortality in patients with cirrhosis. Identification of kidney failure etiology and recognition of those at the highest mortality risk remains a challenge. Aims We hypothesized that urinary neutrophil gelatinaseassociated lipocalin (uNGAL) predicts mortality and identifies hepatorenal syndrome (HRS) in patients with cirrhosis. Methods Prospectively enrolled patients with cirrhosis were investigated by uNGAL immunoblot upon hospital admission. Kidney failure type was determined blinded to NGAL measurements. Results One hundred eighteen patients were enrolled. Fifty-two (44 %) patients had normal kidney function, 14 (12 %) stable chronic kidney disease, 17 (14 %) prerenal azotemia, 20 (17 %) HRS, and 15 (13 %) intrinsic acute kidney injury (iAKI). Patients with HRS had uNGAL levels intermediate between prerenal azotemia [median (IQR) 105 (27.5-387.5) vs. 20 (15-45) ng/mL, p = 0.004] and iAKI [325 (100-700), p \ 0.001]. Fifteen (13 %) patients died. In unadjusted analysis, uNGAL predicted inpatient mortality (OR 2.00, 95 % CI 1.36-2.94) and mortality or liver transplantation (OR 2.01, 95 % CI 1.42-2.85). In multiple regression models, uNGAL [ 110 ng/mL (OR 6.05, 95 % CI 1.35-27.2) and HRS (OR 6.71, 95 % CI 1.76-25.5) independently predicted mortality, adjusting for age and serum creatinine [1.5 mg/dL. Conclusions uNGAL strongly predicts short-term inpatient mortality in both unadjusted and adjusted models. Patients with HRS may have uNGAL levels intermediate between those with prerenal azotemia and iAKI. Further studies are needed to determine if uNGAL can improve discrimination of HRS from other types of acute kidney injury and predict short-and long-term cirrhosis outcomes.
Introduction
Acute kidney injury (AKI) in patients with cirrhosis is common and deadly. Up to 20 % of hospitalized patients with cirrhosis develop AKI [1] [2] [3] [4] [5] and once AKI occurs there is a reported fourfold increased risk of mortality [4] . In cirrhosis, AKI types include prerenal azotemia, hepatorenal syndrome (HRS) and intrinsic acute kidney injury (iAKI) but their effect on mortality risk varies. Unfortunately these forms of AKI are difficult to distinguish clinically as serum creatinine (sCr), the clinical standard to define kidney function, poorly discriminates AKI type in cirrhosis [6] [7] [8] . Recently, in an effort to improve the definition of AKI and to highlight the importance of non-HRS kidney dysfunction in cirrhosis, the Acute Dialysis Quality Initiative (ADQI) and the International Ascites Club (IAC) jointly published a consensus statement regarding AKI classification [9] , incorporating the Risk, Injury, Failure, Loss and End stage disease (RIFLE) and the Acute Kidney Injury Network (AKIN) guidelines. IAC defined HRS [10] was classified as a specific form of AKI [11] , but the need for validation of this classification and for new biomarkers of kidney dysfunction in cirrhosis were emphasized.
The lack of a kidney function biomarker that both rapidly and accurately discriminates HRS from other forms of AKI is the basis for the 48-h diagnostic algorithm proposed by the IAC, which includes diuretic withdrawal and volume administration [10] . Not only does this delay AKI treatment but it potentially worsens portal pressure elevation in patients with HRS [12] [13] [14] . Although sCr is a nonspecific marker of kidney dysfunction, the severity of sCr elevation is strongly associated with mortality in cirrhosis [4, 5, 15, 16] and is one of only three components in the Model for End Stage Liver Disease (MELD) score used to prioritize patients for liver transplant [16] . However, sCr likely does not completely describe the relationship between kidney function and mortality as different types of kidney failure portend different prognoses. Although HRS is clearly associated with excess mortality [17, 18] , data in other forms of kidney dysfunction are lacking.
These limitations of sCr highlight the need for improved diagnostic methods to determine AKI type in cirrhosis. An ideal AKI biomarker would be specific, simple to measure, unaffected by the abnormalities that alter sCr in cirrhosis and would predict mortality as a function of AKI type and severity. Neutrophil gelatinase-associated lipocalin (NGAL) is a protein expressed by injured kidney tubular epithelia [19] [20] [21] [22] [23] . Urinary NGAL (uNGAL) levels rise exponentially early in the course of AKI, prior to sCr elevation [19, [24] [25] [26] , and can predict AKI in patients undergoing liver transplantation [27] [28] [29] . uNGAL levels are not impacted by volume status, diuretic use or prerenal azotemia [25] . In addition, non-progressive chronic kidney disease (CKD) does not induce NGAL expression [25] . Finally, growing evidence also suggests that elevated uNGAL levels independently predict clinical outcomes, including short-term mortality [25, 30, 31] .
Therefore, we hypothesized that in patients with cirrhosis, uNGAL would discriminate type of AKI and predict clinical outcomes, including mortality. We tested these hypotheses in a prospective cohort of hospitalized patients with cirrhosis.
Methods

Study Subjects
Consecutive adult patients with cirrhosis admitted to Columbia University Medical Center between January 2007 and September 2009 were eligible. The diagnosis of cirrhosis was based upon liver biopsy [available from our institution in 50 (42 %) of patients] or a combination of imaging, laboratory and clinical evidence with physician documentation. Patients on chronic hemodialysis (HD), anuria for the first 24 h (therefore unable to provide urine for NGAL measurement), urinary tract infection (urine WBC [ 10 per high power field or positive urine culture), proteinuria [500 mg/day, or urinary obstruction were excluded. This protocol was approved by the Columbia University Institutional Review Board and all subjects provided informed consent.
Study Design
Patients were prospectively followed from admission until discharge. Urine for uNGAL measurement was collected once at the time of admission and all samples were assayed simultaneously after kidney function adjudication. sCr was prospectively measured in all patients and adjudication of kidney function category was performed by an attending nephrologist (T.L.N.) and gastroenterologist (E.C.V.) blinded to uNGAL.
Definitions of Kidney Disease
Stable chronic kidney disease (CKD) Estimated glomerular filtration rate (eGFR) \60 mL/min over 3 months prior to hospital admission and \0.3 mg/dL above baseline (Fig. 1) .
Normal kidney function Stable sCr B 1.5 mg/dL and \0.3 mg/dL above baseline.
HRS Defined by the IAC [10] and ADQI-IAC Working Group guidelines [9] , including the presence of cirrhosis and ascites with an elevation of sCr [ 1.5 mg/dL that failed to improve after 48 h of diuretic withdrawal and volume expansion with albumin, in the absence of shock, nephrotoxic medications, or parenchymal kidney disease suggested by proteinuria [500 mg/day, microhematuria ([50 red blood cells/high powered field) and/or abnormal kidney imaging. HRS type I (defined by the IAC as rapidly progressive with a doubling of the initial serum creatinine to a level greater than 2.5 mg/dL in less than 2 weeks) and HRS type II (defined by the IAC as moderate renal failure which follows a steady or slowly progressive course) were combined for analysis. 
Laboratory Measurements
Urine samples were centrifuged at 12,000 rpm for 10 min and the supernatant was stored at -80°C. uNGAL together with standards (0.3-3 ng) of human recombinant NGAL protein was quantified by immunoblot with nonreducing 4-20 % gradient polyacrylamide gels (Bio-Rad Laboratories, Hercules, California) and monoclonal antibodies (1:10,000; Antibody Shop, BioPorto Diagnostics, Gentofte, Denmark). Immunoblots are required to document the monomeric form of uNGAL. Scr was assayed in the clinical laboratory by the Jaffe reaction. Urine creatinine was measured by colorimetric assay (BioAssay Systems, Hayward, CA) and was used to calculate eGFR with the Modification of Diet in Renal Disease (MDRD) formula [32] . Urine sodium was measured by ion-selective electrode assay (Olympus AU270, Center Valley, PA) and used to determine fractional excretion of sodium (FENa).
Statistical Analysis
The primary outcomes were inpatient mortality and the diagnosis of kidney function category. Secondary outcomes included a composite of mortality and liver transplant, initiation of HD, a composite of mortality and HD, and admission to the intensive care unit (ICU). Continuous variables including biomarker levels were compared across renal function groups by nonparametric testing (rank-sum), and categorical variables by V 2 . Univariate and multiple logistic regression models were used to evaluate relationships between uNGAL and clinical outcomes. As biomarker levels were not clearly normally distributed, receiver operating characteristic (ROC) curves were generated to determine biomarker (uNGAL, sCr and FENa) cutoffs which maximized their sensitivity and specificity in the prediction of mortality. These cutoffs were used in multiple logistic regression modeling of clinical outcomes. Additional predictors of clinical outcomes tested include age, MELD score, etiology of liver disease, renal function group, admission serum total bilirubin, international normalized ratio (INR), and the presence of ascites or varices. In addition, pre-specified interactions between biomarkers (uNGAL, sCr, FeNa) and HRS or iAKI as kidney failure type were tested. All variables which predicted mortality with p \ 0.2 or thought to be central to the analysis were included in the multivariable model building. Variables that were no longer significant at p \ 0.05 or not essential to the analysis were sequentially removed. As MELD was calculated directly from sCr values, these two variables were not included in the same multivariable models (R 2 = 0.5). Relationships between uNGAL and outcomes were evaluated using both uNGAL level and the uNGAL/urinary creatinine ratio, which were highly correlated (R 2 = 0.91), and hence we report only the uNGAL level. Statistics were performed using Stata 10.0 (College Station, TX).
Results
Cohort Characteristics
One hundred eighteen patients were enrolled. The median age was 56 years, 61 % were male and 45 % had hepatitis C virus (HCV; Table 1 ). Complications of cirrhosis were common, including ascites (70 %), esophageal varices Fig. 1 Algorithm for the categorization of kidney function. * IAC definition [10] (52 %) and hepatocellular carcinoma (15 %). Median MELD on admission was 18, 19 % had a baseline eGFR \60 mL/min, and median length of stay was 6 days. Patients with infections other than urinary tract infection were included. Twenty-five (21 %) had active infection on admission (8 spontaneous bacterial peritonitis [SBP], 4 cholangitis/cholecystitis, 5 cellulitis, 3 pneumonia, 2 colitis, 1 osteomyelitis, 1 abdominal abscess and 1 necrotizing fasciitis), and six were complicated by bacteremia (Table 1 ). All patients with HRS had a diagnostic paracentesis on admission, but only two were consistent with SBP. Six HRS patients had infections in the month prior to admission that were completely treated by the time of presentation. uNGAL did not differ significantly in patients with or without infection [median (IQR) 50 (20-250) ng/ mL vs. 30 (10-75) ng/mL, respectively, p = 0.10].
Overall, 52 (44 %) patients had normal kidney function, 14 (12 %) had stable CKD, and 52 (44 %) had AKI. Among these 52 AKI patients, 17 (14 %) were diagnosed with prerenal azotemia, 20 (17 %) with HRS and 15 (13 %) with iAKI.
Relationships Between Biomarkers and Type of Kidney Function
Although sCr levels were elevated in patients with kidney dysfunction, sCr poorly differentiated AKI type (Table 2 ; Fig. 2 ). sCr was significantly higher in patients with iAKI compared to those with normal kidney function and stable CKD, but statistically similar to those with prerenal azotemia and HRS. sCr was significantly higher in patients with HRS compared to prerenal azotemia but similar to patients with iAKI. In addition, FENa was significantly higher in patients with iAKI than in patients either with HRS or prerenal azotemia. However, mean FENa in all groups was \1 %, the range classically associated with volume depletion and not tubular injury, therefore making iAKI detection by FENa alone non-specific. FENa levels did not discriminate patients with HRS from those with prerenal azotemia. In contrast, uNGAL levels discriminated type of AKI. uNGAL levels were highest in patients with iAKI, significantly different from patients with normal kidney function, stable CKD, prerenal azotemia and HRS. In HRS, uNGAL was intermediate between, and significantly different from, patients either with iAKI (p \ 0.001) or prerenal azotemia (p = 0.004). In patients with prerenal azotemia, uNGAL levels were low and equivalent to levels in patients with normal kidney function and stable CKD; no patient with prerenal azotemia had a uNGAL level [100 ng/mL.
Receiver operator characteristic curve (ROC) analysis was performed to test each biomarker's ability to identify patients with iAKI. uNGAL and sCr similarly discriminated iAKI (AUC 0.86 vs. 0.89, respectively, p = 0.6). uNGAL discriminated iAKI better than FENa (AUC 0.71, p = 0.1), though this difference was not significant. At a cutoff of 110 ng/mL, uNGAL was 88 % sensitive and 85 % specific for the diagnosis of non-prerenal AKI.
Prediction of Clinical Outcomes
Fifteen (13 %) patients died in the hospital, 8 (7 %) underwent inpatient liver transplant, 13 (11 %) required HD and 26 (22 %) required intensive care unit admission (Table 3 ). Mortality was significantly higher for patients with HRS (60 %, p \ 0.001) or iAKI (27 %, p = 0.02) compared to the rest of the cohort. Median (IQR) uNGAL [300 (50-600) ng/mL vs. 30 (10-70) ng/mL, p = 0.004] and sCr [2.5 (1.4-3.5) mg/dL vs. 1 (0.8-1.6) ng/dL, p \ 0.001] were significantly greater in patients who died compared to those who survived until discharge, respectively.
In univariate logistic regression, uNGAL, sCr and MELD were associated with poor clinical outcomes, while FENa was not (Table 3 ). In multiple logistic regression analysis, uNGAL at a cutoff of 110 ng/mL and a diagnosis of HRS were independent predictors both of inpatient 
Discussion
This is the first longitudinal study to investigate uNGAL measurement for the prediction of mortality and AKI type in hospitalized patients with cirrhosis. These data suggest that a single uNGAL measurement obtained at hospitalization has the potential to assist in determining type of kidney dysfunction, perhaps informing patient management and improving outcomes. Our findings confirm that similar findings on other AKI populations [25, [27] [28] [29] 31] can be applied to patients with cirrhosis. uNGAL levels were significantly different in each category of AKI: highest in iAKI, intermediate in HRS and low in prerenal disease. Furthermore, uNGAL levels in patients with prenrenal azotemia were similar to those with normal kidney function and stable CKD. In contrast, sCr was not different between patients with iAKI and HRS and although FENa was significantly higher in patients with iAKI than in patients with either HRS or prerenal azotemia, FENa did not discriminate HRS from prerenal azotemia. Our investigation also confirms prior studies demonstrating that a single uNGAL measurement on hospital admission independently predicts poor clinical outcomes including short-term inpatient mortality, in uni-and multivariable models. This is again in contrast to traditional measurements of kidney and liver disease severity including sCr and MELD score. If confirmed, uNGAL could improve risk stratification for patients admitted to the hospital with cirrhosis, perhaps leading to early ICU admission, transplant evaluation, and prompt initiation of HRS therapy.
This study did not strictly apply or validate the ADQI-IAC working group guidelines for AKI types, though the IAC HRS diagnostic criteria and criteria similar to the AKIN methods were used. These guidelines continue to classify HRS and prerenal disease as forms of AKI but endorsed the need for future study of ''the epidemiology in terms of incidence and prevalence'' of AKI in cirrhosis and for the identification of ''better markers for renal dysfunction in cirrhosis such as…NGAL.'' We adopted the term iAKI to differentiate HRS and prerenal disease from other forms of AKI, and thus evaluate the prevalence of these discrete syndromes, understand their individual impact on mortality and determine whether uNGAL could be used to differentiate these disease states. Our data demonstrate that hospitalized patients with cirrhosis are at a high risk for AKI (44 % of the cohort, 29 % of these with iAKI and 38 % with HRS). Similar to limited previous reports [4] , these data suggest that non-HRS types of AKI are common in patients with cirrhosis and further studies are needed to determine inciting factors of AKI in this population.
The mechanism by which patients with HRS have intermediate uNGAL levels remains uncertain. HRS physiology is classically thought to be an extreme prerenal state [33, 34] with severe renovascular vasoconstriction and decreased GFR, but normal intrinsic kidney function. Kidney function can return to normal after improvement of hepatic hemodynamics (i.e. TIPS, surgical portal-caval shunts and liver transplant) [33] [34] [35] , or after transplantation of the kidney into a recipient with normal hepatic function [36, 37] . However, pathologic investigations have reported subtle kidney tubular and glomerular damage in HRS kidneys, some seen only with electron microscopy [38, 39] , perhaps resulting from the cellular changes associated with chronic activation of angiotensin-aldosterone signaling [40] . It is conceivable that profound renovascular constriction may cause sub-clinical tubular damage in at least a subset of nephrons, not detectable by urinary sodium, which is not sensitive enough to detect mild or patchy tubular epithelial damage. These findings contrast with prerenal azotemia, which while also demonstrating low FENa, expressed lower amounts of uNGAL, either reflecting the less severe end of a clinical spectrum that includes HRS or a qualitatively distinct entity. uNGAL Table 4 Multiple logistic regression models to predict inpatient mortality and the composite of inpatient mortality and liver transplantation pseudo R-squared elevation in patients with HRS is unlikely to be due to urine hyperconcentration as correction for urine creatinine did not alter the relationships we report.
This study has several limitations. sCr inaccurately measures kidney function in cirrhosis [6] [7] [8] , and there is no widely available technique to accurately measure GFR in these patients. This lack of a reliable gold standard may have affected our ability to differentiate types of kidney failure in the absence of kidney biopsy, which is rarely performed in this population given the risk of complications. In addition, there is no consensus on how HRS fits into the RIFLE [11] and AKIN [41] criteria. Our criteria utilized the standardized IAC definition of HRS but as a sCr of 1.5 mg/dL may be elevated for some patients, it is possible that patients with abnormal kidney function may have been classified as normal. Although difficulties in classification of kidney injury in cirrhosis are acknowledged limitations of our study and the field of AKI diagnostics in cirrhosis, utilizing standardized definitions based upon the IAC classification was thought to be essential in this first description of uNGAL in cirrhosis. This study was also limited by small sample size, especially in the important HRS and iAKI groups. This limitation likely affected our ability to detect significant differences in diagnostic test characteristics between biomarkers, and larger studies for more robust data are needed to verify our findings. A larger study may also have allowed us to evaluate HRS types I and II individually. It is possible that uNGAL elevation is more prominent in type I than in type II HRS, due to more severe renal vasosconstriction. Lastly, active infection may lead to elevated uNGAL levels. However, we excluded patients with urinary tract infection, only two of our HRS patients had infection (SBP) at admission, and uNGAL levels were statistically similarly between patients with current or recent infections compared to non-infected patients. The utility of uNGAL in the setting of infection must be further studied.
In conclusion, uNGAL differentiates AKI type and predicts mortality in patients with cirrhosis. uNGAL also independently predicts clinical outcomes including shortterm inpatient mortality. These findings, if confirmed in larger cohorts, could lead to the development of biomarker algorithms to rapidly identify patients with HRS and more accurately predict prognosis.
